Introduction
Metal-containing endohedral fullerenes can now be synthesized routinely and their chemical and physical properties characterized with considerable precision [1] [2] [3] . Recent density functional theory (DFT) calculations on the endohedral complex Ca@C 60 showed that movement of the calcium atom through the cavity of a 2016 The Author(s) Published by the Royal Society. All rights reserved. fullerene molecule resulted in changes to the distribution of charge across the surface of the doped cage [4] . It was shown that an energy path taken by a calcium atom moving through the centre of C 60 has two identical, off-centre minima, and that the movement of both Ca and Ca + between these positions triggers a significant redistribution of charge on the surface of the fullerene [4] . Such behaviour, promoted by the motion of a metal atom between stable sites, could be viewed as forming the basis of a polarization nanoswitch [5, 6] . However, the presence of equivalent offcentre minima and a negligible circumferential energy barrier, i.e. what is in effect a 'Mexican hat' potential, makes it difficult to confine the calcium atom to fixed locations. In the new calculations presented here, it is shown how energy minima and the location of a calcium atom in a fullerene can be perturbed by the addition of hydrogen atoms to the cage. This functionalization of a fullerene cage creates distinguishable sites that may form the foundation for a bi-stable molecular nanoswitch [5] [6] [7] . Such a concept could be realized by tethering the fullerene cage and thus restricting movement of the calcium atom to a single predefined path. Jorn et al. [8] achieved such a restriction by placing an endohedral fullerene containing a trapped lithium atom between two arrays of gold atoms which acted as electrodes. Tethered fullerenes have also been proposed as molecular transistors [9] .
The new DFT calculations presented here are used to show in detail how energy minima and the extent of charge redistribution in Ca@C 60 and Ca@C + 60 are affected by the addition of four hydrogen atoms to the cage in the form of Ca@C 60 H 4 isomers. The results of preliminary calculations on Ca@C 60 H 6 and Ca@C 60 H 30 are also presented in order to demonstrate the extent to which the environment experienced by endohedral calcium can be modified. Despite the very high level of activity associated with the synthesis of endohedral fullerenes, there does not appear to be any experimental data on the exact structures discussed here. However, the individual components C 60 H 4 [10] [11] [12] and Ca@C 60 have been synthesized (e.g. [13, 14] ).
Previous DFT calculations on fullerenes were successful in determining distribution of charge density on a C 60 molecule in the presence of an electric field created by a point charge located outside the cage [15] . It has been shown that there is a very close correspondence between a DFT calculation of the polarization response of C 60 to the presence of an external point charge and that obtained using a classical electrostatic theory [16] derived to treat dielectric materials. More recent DFT calculations have shown that when a charge is located inside C 60 (or a carbon nanotube) the sign and magnitude of the polarization response depend very strongly on the precise position of the ion trapped inside the encapsulating cage [4] . It was proposed that this very evident distortion of the charge distribution on C 60 in response to an applied electric field (charged atom) is a physical property that could be employed in the design of a molecular polarization switch. Building a device within a cage, such as a fullerene, that can act as a molecular switch would be a particularly good approach to maintaining geometric integrity.
Theory methods
The DFT calculations, as implemented in the Q-Chem quantum chemistry software package [17] , have been undertaken at the B3LYP/6-31G* level of theory [18] [19] [20] [21] on a series of Ca@C 60 H 4 isomers. An earlier publication using the same approach reported the results of calculations on optimized structures of both neutral Ca@C 60 and charged [Ca@C 60 ] + endohedral fullerenes [4] . It was found that in the lowest energy configuration of the electronic ground state of neutral Ca@C 60 , there was extensive charge redistribution between the metal atom and the carbon cage and that the calcium atom was located at a radial distance of r = 1.22 Å from the centre of C 60 facing the centre of a hexagon. By contrast, the minimum energy ground state of [Ca@C 60 ] + has the calcium ion 1.21 Å away from the centre of C 60 and facing the midpoint of an edge between two adjacent hexagons. The electronic ground state for Ca@C 60 was found to be a triplet [4] , which is in agreement with previous results [13, 14, 22] [10] [11] [12] . In addition to their chemistry, interest in the isomers of C 60 H 4 has also examined the possibility that they may have superior holetransport properties to those exhibited by the bare fullerene [24] . Improvements in hole transport have been linked to isomers that do not introduce significant perturbations to the delocalized highest occupied molecular orbital. Figure 1 shows six separate configurations of Ca@C 60 H 4 that have been examined in these calculations, and these are based on moving single hydrogen atoms across one of the hemispheres. Only one of the C 60 H 4 isomers chosen has been synthesized and the others have been selected to provide effective coverage of the hemisphere. Synthetic routes to C 60 H 4 isomers appear to be very selective and preferentially populate adjoining 6-6 fused rings by 1,2 addition [10] [11] [12] . For each of the four carbon atoms involved in the addition of hydrogen, there is a transition from sp 2 to sp 3 hybridization, and for the fullerene cage as a whole, hydrogen atom addition does appear to bring about a re-ordering of molecular orbitals in some of the isomers chosen. Earlier calculations showed that the energy minimum for Ca@C 60 involved the calcium atom occupying a site located 1.22 Å from the geometric centre of the fullerene cage [4] . In terms of displacement of the atom from one side of the cage through the centre to an equivalent position on the opposite side, the calcium atom moved between two symmetric energy minima separated by a barrier of 1.48 eV. As already noted, the calcium atom would experience a 'Mexican hat' potential as it moved around the fullerene cage at a fixed distance of 1.22 Å from the geometric centre. With the introduction of hydrogen atoms, each of the isomers of Ca@C 60 H 4 shown in figure 1 now has a distinct geometry and accompanying that change are new asymmetric energy barriers. With the calcium atom taking a path through the centre of the cage, figures 2 and 3 show the results of step-by-step calculations on the total energy of Ca@C 60 H 4 and [Ca@C 60 H 4 ] + , respectively. For the configuration in figure 1a, the path taken was from (−x, 0, 0) opposite a hydrogen atom directly to (+x, 0, 0) passing through the geometric centre of the carbon atoms. For the remaining configurations (figure 1b-f ), the axis was rotated such that (−x, 0, 0) was located between two hydrogens from (−x, 0, 0) to (+x, 0, 0) passing through the centre; the (0, 0, 0) position corresponds to the geometric centre of the fullerene cage. In all of the discussion that follows, it is the right hemisphere of the fullerene cage that accommodates the additional hydrogen atoms.
In comparison with the bare cage, the addition of hydrogen atoms to Ca@C 60 introduces a number of changes to the magnitudes and positions of energy minima and maxima with respect to the movement of calcium across the fullerene cage. Most notable is the asymmetry in the energy profile, and in four out of the six neutral configurations examined, calcium favours a position adjacent to the hydrogen atoms; but for configurations of figure 1d,f there is a notable preference for a site in the opposite hemisphere. A similar asymmetry is seen in figure 3 for [Ca@C 60 H 4 ] + , but in this case all structures favour a site opposite the hydrogen atoms as being more stable than one in close proximity to the atoms. Quantitative data on the positions of the energy minima and heights of the energy barriers are summarized in tables 1 and 2, where for the purposes of comparison, the equivalent results for Ca@C 60 and Ca@C an interesting variation in the multiplicity of neutral Ca@C 60 H 4 isomers. For configurations ae, where hydrogen atoms have been allocated to a variety of sites involving both hexagons and pentagons, the multiplicity reverts to that of a singlet state. By contrast, configuration f has both the lowest total energy of all the permutations examined and also retains the triplet multiplicity of Ca@C 60 . This observation would suggest that 1,2 hydrogen atom addition across adjoining 6-6 fused rings is not too disruptive to the underlying molecular orbital configuration of Ca@C 60 . Isomer f is also the only isomer where calcium has been introduced into a known stable species [10] [11] [12] . Since the calcium atom donates between one and two 4s electrons to the fullerene, an overall negative charge resides on the cage in Ca@C 60 . However, depending on the position of the atom, a marked polarization of charge density has been observed and it was this pattern of behaviour that led to the proposal of a fullerene switch [4] . In order to help interpret the driving force(s) behind the changes that hydrogen atom addition brings about in Ca@C 60 H 4 correspond to the calcium atom moving along the x-axis (y = 0 and z = 0). In figure 4a , the atom is located −1.1 Å from the geometric centre of the cage, which corresponds to an energy minimum in the left hemisphere; figure 4b corresponds to the energy maximum seen at −0.2 Å and in figure 4c the calcium atom is located at the energy minimum in the right hemisphere, which occurs at +1.2 Å. The calcium atom donates electron density to the cage, which means that it carries a permanent positive charge over the entire path; however, charge density on the carbon atoms fluctuates from being negative (red circles) to positive (blue circles) according to their proximity to calcium. An analysis of how motion of the calcium atom influences charge transfer and, as a result, the distribution of charge between the two hemispheres of Ca@C 60 H 4 is shown in figure 6 . Focusing on the left hemisphere, with the calcium atom at −1.1 Å (energy minimum), the charge averaged across the different isomers is approximately −0.9e. Moving to the energy maximum (−0.2 Å), the charge drops slightly to approximately −0.86e, and when the atom finally moves to an energy minimum in the right hemisphere (at +1.2 Å), the charge drops still further in magnitude to approximately −0.3e. These changes mean that the charge on the left hemisphere switches by approximately 0.6e as the calcium atom moves between the two energy minima. The presence of hydrogen atoms causes the carbon shell to become asymmetric during the optimization process; an effect due primarily to a change in hybridization where those carbon atoms that are bonded to hydrogen go from being sp 2 to sp 3 . More significant, however, is the fact that sp 3 carbon atoms are much less electronegative than sp 2 hybrids. Interestingly, the charge maximum (−1.03e) in the left hemisphere does not coincide with the energy minimum, but is reached at −0.75 Å; however, for the right hemisphere there is a much closer correspondence between charge maximum and energy minimum. + .
magnitude of the charge being displaced, approximately 0.6e, is still comparable with that seen for the neutral species. As noted for Ca@C 60 H 4 , there is again a mismatch in the left hemisphere between maximum charge displacement and the position of the energy minimum; however, this is not the case for the right hemisphere where the hydrogen atoms are located. For each of the isomers, table 3 shows a more detailed breakdown of differences in the amount of charge residing on the two hemispheres as a function of the location of the calcium atom. Although the narrow spread in charge shown in figures 6 and 7 would suggest there is little difference between isomers, by tracking the changes that take place within individual examples a correlation between changes in charge and stability becomes apparent. As can be seen from table 3, the ability of the calcium atom to polarize charge in one or other of the hemispheres closely matches the changes in relative stability of the two extreme positions the atom can occupy. Overall, the differences in response from the two hemispheres to the motion of a calcium atom would appear to predominantly reflect the presence or absence of sp 3 carbon atoms, their positions on the cage and the influence they have on electronegativity. In all but two cases, an accumulation of excess charge in one or other of the two hemispheres appears to coincide with the calcium atom binding through an enhanced electrostatic interaction.
Finally, for the Ca@C 60 H 4 series, figure 8 shows the change in electron density on the calcium atom as it moves through each of the isomers shown in figure 1 . The plot summarizes data determined for both the neutral and ionic forms of Ca@C 60 H 4 . As expected from the results given above, the changes shown in figure 8 are more or less independent of which isomer is being examined; however, what is most surprising is that changes in charge are insensitive as to whether reflect trends seen across the series of isomers under study; for an individual example, a detailed summation of charge on the cage and the calcium atom shows that ionization to the +1 state and the loss of an electron is balanced precisely by small changes in charge on each of the constituent atoms [4] . It has been found that the addition of 18 and 36 hydrogen atoms to the fullerene cage does reduce the ionization energy slightly, but the effect of just four atoms is most likely to be negligible [25] .
(b) The effects of more extensive hydrogen atom addition
The results given above suggest that a change in hybridization from sp 2 to sp 3 in carbon atoms that form part of a fullerene cage could potentially create the conditions necessary for an endohedral fullerene of the form Ca@C 60 H n to act as a polarization switch. Presented here are preliminary calculations on Ca@C 60 H 6 and Ca@C 60 H 30 that are intended to demonstrate the full extent to which hydrogen atom addition can modify the energy barrier to the motion of a metal atom in a fullerene cage. Figure 9 shows how the total energy of the fullerene Ca@C 60 H 6 changes as a function of the location of the calcium atom. The exact structure chosen is shown in the inset. Similarly, figure 10 shows the consequences of completely decorating one-half of Ca@C 60 with hydrogen atoms in the form of Ca@C 60 H 30 . As can be seen, in both structures there is some uncertainty as to the multiplicity of the ground state and it may require calculations of a greater accuracy to resolve this situation. However, what is clear for either multiplicity is that an increase in the number and/or density of sp 3 hybrid carbon atoms can lead to quite extensive
Conclusion
Through DFT calculations, it has been shown that hydrogen atom addition to a fullerene cage offers the potential for fine-tuning the electronic and mechanical properties of endohedral Ca@C 60 H 4 complexes. It is shown that changes in electronegativity that accompany a transition in hybridization for carbon from sp 2 to sp 3 influence the interaction between the calcium atom and the fullerene cage. However, compared with Ca@C 60 , hydrogen atom addition does not appear to have a significant effect on the changes in charge polarization that occur as a result of the calcium atom moving through the fullerene. The changes in binding energy that accompany the formation of Ca@C 60 H 4 remove the 'Mexican hat' potential observed previously for Ca@C 60 and create an asymmetric energy surface; therefore, it is proposed that certain isomers of Ca@C 60 H 4 may form the bases of a bi-stable nanoswitch. Such a process may be facilitated by the fact that combinations of the individual components, i.e. Ca@C 60 and C 60 H 4 , have already been synthesized.
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